The beneficial vortex and best spatial arrangement in total extracardiac cavopulmonary connection  by Amodeo, Antonio et al.
The beneficial vortex and best spatial arrangement in total
extracardiac cavopulmonary connection
Antonio Amodeo, MDb
Mauro Grigioni, MSc
Guido Oppido, MDb
Carla Daniele, MSc
Giuseppe D’Avenio, MSc
Giovanni Pedrizzetti, PhDd
Salvatore Giannico, MDa
Sergio Filippelli, MDb
Roberto M. Di Donato MDb
Objective: Total extracardiac cavopulmonary connection is an established proce-
dure, but the best spatial arrangement remains controversial. On the basis of our
clinical experience with total extracardiac cavopulmonary connection, we per-
formed quantitative and qualitative flow analysis on total extracardiac cavopulmo-
nary connection models simulating the two most frequent arrangements applied to
our patients to determine the most favorable hydrodynamic pattern.
Methods: We selected two main groups among 110 patients who underwent total
extracardiac cavopulmonary connection, those with left-sided inferior vena cava
anastomosis (type 1) and those with facing superior and inferior vena cava anasto-
moses (type 2). Blown-glass total extracardiac cavopulmonary connection phantom
models were constructed on the basis of nuclear magnetic resonance and angio-
graphic images. Flow measurements were performed with a Nd:YAG Q-switched
laser and a particle imaging velocimetry system. A power dissipation study and a
finite-element numeric simulation were also carried out.
Results: When applying superior and inferior vena caval flow proportions of total
systemic venous return of 40% and 60%, respectively, a vortex was visualized in the
type 1 phantom that rotated counterclockwise at the junction of the caval streams.
This apparent vortex was not a true vortex; rather, it represented a weakly dissipa-
tive recirculating zone modulating the flow distribution into the pulmonary arteries.
The power dissipation and finite-element numeric stimulation confirmed the bene-
ficial nature of the apparent vortex and a more energy-saving pattern in the type 1
phantom than in the type 2 phantom.
Conclusion: Total extracardiac cavopulmonary connection with left-sided diversion
of the inferior vena caval conduit anastomosis is characterized by a central vortex
that regulates the caval flow partitioning and provides a more favorable energy-
saving pattern than is seen with the total extracardiac cavopulmonary connection
with directly opposed cavopulmonary anastomoses.
Since its first description in 1971,1 the Fontan operation has undergoneseveral modifications geared toward the goal of energy preservation tominimize systemic venous pressure and ventricular workload in thecavopulmonary system, which is assumed to enhance clinical out-come.2-5 In 1988, de Leval and colleagues2 introduced the concept oftotal cavopulmonary connection (TCPC), the combination of a bidi-
rectional Glenn anastomosis with a tubular intracardiac inferior vena cava (IVC)
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extension to the pulmonary arteries, because of the notion
that streamlined parallel flows ensure the most efficient
hydrodynamic pattern.
In recent years, increasingly sophisticated in vitro,6-9 in
vivo,10-14 and computational15,16 studies on the best fluid
dynamics among different spatial arrangements of TCPC
have concurred that the two cavopulmonary anastomoses
should not be placed in a face-to-face configuration but
rather should be deflected to opposite sides.7,8 However,
controversy still exists with respect to the side and the
proper geometric orientation.
In our practice we have endorsed the use of total extra-
cardiac cavopulmonary connection (TECPC)4,17 and have
generally preferred to position the IVC conduit to the left of
the bidirectional Glenn anastomosis. In fact, we have found
it more hazardous to position the IVC conduit to the right,
because it then potentially impinges on the right lower lobar
artery. This study is based on a 12-year experience with
TECPC and deals with in vitro quantitative and qualitative
analyses of the flow fields simulating the two most frequent
geometric patterns used at our institution. TECPC is a
spatially complex system that demands a high-performance
method for the flow field analysis. We have used a novel
application of velocity fields generated by particle imaging
velocimetry (PIV) that provides a highly accurate flow
mapping, both spatially and temporally. A finite-element
numeric model was also built on the basis of our in vitro
measurements, and results were compared with the PIV
results.
Material and methods
From an examination of the angiographic and magnetic resonance
imaging data of 110 patients operated on with a TECPC, the two
most frequently used geometric configurations of the “caval cross”
were determined. Two blown-glass phantom circuits were created
to replicate these configurations: the type 1 phantom, in which the
IVC conduit was placed to the left of the Glenn anastomosis with
a 6-mm offset (defined as the horizontal distance between the caval
midpoints), and the type 2 phantom, in which the IVC conduit was
directly opposed to the Glenn anastomosis, with zero offset. In the
former configuration the IVC conduit, which was inclined toward
the left pulmonary artery (LPA), had a 22° angle with respect to
the vertical axis. The dimensions of the phantoms were as follows:
both superior vena cava (SVC) and IVC were 11.5 mm in diam-
eter, and both LPA and right pulmonary artery (RPA) were 8.6 mm
in diameter. With respect to body size, our phantom circulations
corresponded to the averages for our patients of 10 kg of body
weight and 0.5 m2 of body surface area: the flow rate of 1 L/min
corresponded to an indexed flow at rest of 2.0 L  min1  m2 and
was the baseline flow rate for our energy dissipation study.
Fluidic System
The blown-glass TECPC was used a in steady-flow regimen,
because the residual pulsatility present in the venous return plays
a limited, if not negligible, role. The phantom circulations were
inserted in a closed loop, in which the driving pressures were
provided by the gravimetric effect. The flow could be controlled in
each branch of the connection by regulating the pressure of the
corresponding outlet or inlet with suitable positioning of the asso-
ciated reservoir. The changes in “pulmonary” arterial load were
achieved by narrowing the tubes connected to either phantom
pulmonary arterial branch. To mimic the typical viscosity of blood,
the circulating fluid was a water-glycerol solution with a dynamic
viscosity of 3.6 cP. The isolation of the outflow section of the
reservoir from the incoming fluid, as provided by the baffle ar-
rangements, guaranteed that the height of the fluid column driving
the flow was constant during the measurements, thereby ensuring
a stationary flow. A contribution of the flow-generating system to
the observed effects in the TECPC therefore could be excluded.
Pressure measurements were performed with a piezometric cath-
eter (Millar Instruments, Inc, Houston, Tex), and the output volt-
age of the electronic equipment associated with the catheter was
averaged with a digital voltmeter and subsequently converted to
millimeters of mercury. This was done for each point of a pre-
defined set of measurements points inside the SVC, IVC, RPA, and
LPA, at 20 mm from the center of the blown-glass cross. These
measurements were repeated at total flow rates of 1, 2, 3, and 4
L/min. The flow ratios to the RPA and LPA were varied from
30:70, to 50:50, to 70:30. The caval flow rates in the SVC and IVC
were fixed at 40:60 and 50:50, respectively.
Flow Visualization and Measurement
A qualitative analysis of flow visualization was obtained by using
a sheet of Ar-ion continuous-wave laser light and a Kodak Ektapro
high-speed videographic system (Eastman Kodak Company,
Rochester, NY). The flow was seeded with 80-m Amberlite
particles to record 100 frames at 50, 125, and 250 frames per
second.
Quantitative flow measurements were performed by means of a
Quantel Twin Nd:YAG Q-switched laser (Quantel, Les Ulis,
France) and a PIV system (Dantec Measurements Technology,
Skovlunde, Denmark). The flow was seeded with 10-m silvered-
glass particles before the image recordings. The plane with the
laser sheet was the symmetry plane of the TCPC, the plane
containing the axes of the connected vessels. The Visiflow pro-
gram (Atomic Energy Agency, Harwell, United Kingdom) was
used for quantitative analysis of the flow field. Further details on
the PIV technique are reported in Appendix 1.
Power Dissipation
To characterize the energetic dissipation and compare the different
geometries, we calculated the total power dissipation as follows1:
Wloss  Wstatic  Wdyn (1)
Wstatic  PIQI  PSQS  PRQR  PLPL (2)
Wdyn 

2 VI
2QI 

2 VS
2QS 

2 VR
2QR 

2 VL
2QL (3)
where Wstatic represents the contribution from the static pressures,
Wdyn represents the contribution from the dynamic pressures, P
and Q represent pressure and flow rates, respectively, V (which is
equal to Q/A, where A represents area) is the average velocity in
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the considered section, and the subscripts I, S, L, and R denote
quantities relative to the IVC, SVC, LPA, and RPA, respectively.
The control volume was the region between the inflow and the
outflow sections placed at 20 mm from the center of the cross. The
accurate specification of the extent of the region in which the
power loss is calculated is important in the evaluation of the result.
Finite-Element Numeric Simulation
A finite-element numeric model was also built on the basis of our
in vitro measurements, and the results were compared with the PIV
data. This model was based on the vorticity stream function
formulation of the 3-dimensional Navier-Stokes equations on the
symmetry plane. The symmetry plane formulation represents an
extension of the 2-dimensional approximation. Although 3-dimen-
sional conservation laws are imposed in the symmetry plane, the
model remains planar, and it is used in the first instance to
guarantee a sufficient in-plane resolution in its finite-element ap-
plication.
The use of about 1800 nodes, or 34,000 elements, was consid-
ered necessary to capture the details of the experimentally ob-
served vortex structure. Such a formulation was applied to inves-
tigate the fluid dynamic behavior of TECPC geometry. Further
details on the finite-element model application are reported in
Appendix 2.
Results
Flow Visualization
In the type 1 phantom, when we applied a 40:60 SVC/IVC
flow ratio, a balanced (equal) flow was obtained in the two
pulmonary arteries, with preferential direction of the IVC
flow to the LPA and of the SVC flow to the RPA. Stream-
lined, unidirectional flows toward the RPA from the SVC
and toward the LPA from the IVC were noted. The flows
remained streamlined, with a certain degree of symmetry,
and generated a counterclockwise rotating central vortex as
a consequence of the mean shearing forces generated by the
two principal caval flows (Figure 1). This vortex appeared
to direct the inlet caval flows away from each other, avoid-
ing significant collision but still allowing adequate mixing
with a portion of the IVC flow diverted to the RPA, as
shown by PIV analysis of flow field (Figure 2).
The numeric analysis of the flow field through the type 1
phantom confirmed the PIV analysis. Figure 3, a, reports the
velocity streamlines and Figure 3, b, reports the vorticity
field provided by the computational study, for a mean Reyn-
olds number (Re) in the pulmonary arteries of 700 (corre-
sponding to 1 L/min in each pulmonary artery, or a total
flow of 2 L/min). As shown in Figure 3, a, the computed
streamlines exiting the IVC were mainly directed toward the
LPA, but a portion of them turned to the other side of the
cross, flowing tangential to the central structure. This effect
can also be seen in the PIV velocity field of Figure 2. The
flow characteristics in the SVC were well reproduced by the
computational study. Thus the satisfactory simulation of the
flow field by the numeric approach enabled exploitation of
the higher spatial accuracy of the latter technique, particu-
larly with respect to the flow near the vascular walls. The
simulation confirmed that the apparent vortex was a weak,
stagnating zone without vorticity at its center, surrounded
by the vascular walls and by separated vorticity layers. It is
evident from Figure 3, b, that the vorticity was low at the
center of the cross, where the flow underwent a rotation;
instead, the vorticity was higher in the boundary layer
created at the pulmonary arterial level (on the left side of the
SVC anastomosis) by the flow exiting from the IVC. These
vorticity layers were thin and tend to be elongated toward
the RPA. This behavior was even more evident for higher
value of Re. In the central circulation zone depicted in
Figure 3, a, the pressure does not show the drop at the center
typical of a vortex. In this sense, the vortex could be defined
Figure 1. Flow visualization of type 1 phantom.
Figure 2. Velocity field relative to type 1 phantom, generated by
PIV analysis, 40:60 SVC/IVC ratio.
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as a weakly dissipative, beneficial flow division structure
that helped regulate the flow partitioning of the caval flows
toward either pulmonary artery.
When we applied a 50:50 SCV/IVC flow ratio, a slightly
unbalanced pulmonary arterial flow was visualized, with the
LPA carrying 57.5% of the total flow. The caval flows were
still directed predominantly toward a preferential pulmo-
nary artery (the IVC to the LPA and the SVC to the RPA).
Pulmonary arterial flow distribution was slightly different
than in the former case (Figure 2), with the vortex center
shifted toward the LPA.
When we applied different RPA/LPA flow proportions,
varying from 50:50 to 70:30 and 30:70, the position of the
vortex shifted from the central position to the upper right or
lower left part of the cross, away from the stenotic pulmo-
nary artery, until it vanished (Figure 4). In this condition,
because of the curvature imposed by the stenotic pulmonary
artery to the flow coming from the IVC, the competitive
Figure 4. Flow visualization of type 1 phantom. LPA is stenosed,
with RPA carrying 70% of pulmonary flow.
Figure 5. Flow visualization of type 2 phantom. Collision of con-
verging caval flows generates circular swirling patterns.
Figure 3. Numeric simulation of flow field in type 1 phantom
corresponding to experimental case: Re 700, IVC 60% of total
venous return, SVC 40%, equal pulmonary arterial flows. a,
Streamlines. b, Vorticity fields contours, level from zero (dotted
lines) with steps at 0.5. Gray lines represent positive levels;
black lines represent negative levels.
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caval flows at the junction redirected predominantly toward
the nonstenotic pulmonary artery, with large zones of pos-
itive vorticity (associated with counterclockwise flow rota-
tion). The IVC flow was not streamlined, but appeared to
split with the presence of zero velocity area at the center of
a diverging zone.
In the type 2 phantom, with facing cavopulmonary anas-
tomoses, the collision of the converging caval flows gener-
ated circular swirling patterns, secondary flows, and areas of
stagnation characterized by low velocity (Figure 5). In com-
parison with the type 1 phantom, the flow was much less
streamlined, and the flow exiting the venae cavae did not
have a predominant direction toward either pulmonary ar-
tery. Flow visualization showed two vortices at the level of
the center of the cross, where two swirling flows developed
before entering into the pulmonary arteries.
Power Dissipation
The power loss, according to Equation 1, was analyzed
relative to the two TECPC geometries considered, with the
60% of the total venous return carried by the IVC and the
40% by the SVC. The comparison of the dissipated power
for the two different configurations confirmed the results of
the flow visualization analysis: the type 2 phantom, which
had a more disordered flow pattern, was found to have
higher power losses than the configuration with an offset
between venae cavae (Figure 6). It must be noticed that the
type 1 phantom provided 1.4 mW at 1 L/min, whereas the
type 2 phantom 2 under the same conditions had a value of
2.5 mW, almost 80% higher. At 2 and 3 L/min the power
loss ratios of the type 2 phantom were 92% and 106%,
respectively, higher than those of the type 1 phantom.
At lower flow rates the difference was less pronounced,
because the flow disturbances in the type 2 phantom were
generated by slower caval flows and the kinetic energy at
disposal was better managed by the connection than at
higher flow rate. This result lends support to the hypothesis
that this connection is more energetically efficient than the
TECPC with zero offset. An interesting aspect of our mea-
surements is that the power loss measurements did not
follow a simple Poiseullian flow scheme. Actually, power
loss values were higher than those obtainable with the
simple calculation relative to a steady Poiseullian state. The
reason for the higher dissipation may be found in the par-
ticular flow field generated by each caval connection topol-
ogy (swirling, flow separation, vorticity transport, etc). This
must be kept in mind in designing new Fontan geometries.
Discussion
Since the milestone work of de Leval and colleagues,2 an in
vitro study that demonstrated the superiority of the TCPC
with respect to the atriopulmonary connection, many insti-
tutions have achieved good early and midterm results with
both intracardiac TCPC18 and TECPC.17 Recently several
studies have considered the concept of energy conservation
in the Fontan setup. Attention has focused on the best spatial
arrangement of the systemic venous pathways. The demon-
stration of a better energetic efficiency related to the intro-
duction of the offset between the caval inlets by in vitro7,8
and computational fluid dynamic studies15 has modified the
surgical approach to the cavopulmonary connections.
The aim of our study was to determine the best TECPC
geometry in terms of both energy preservation and safe
clinical applicability. Since 1989, we have adopted TECPC
Figure 6. Power dissipation (see Equation 1) for both TECPC phantom circulations.
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as the principal technique for completion of Fontan opera-
tion. During these years we realized that when diverging
cavopulmonary anastomoses are performed with the IVC
inflow on the right of the bidirectional Glenn anastomosis,
the IVC conduit may fall too close to or, nearly always, on
the right lower lobar artery. This in turn may be deleterious
for the following reasons. First, the right lower lobar artery
extends in different plane and orientation than the IVC
conduit-RPA anastomosis, and this may cause kinking of
the artery itself, with impairment of right lung perfusion (in
our experience one patient required takedown of the Fontan
operation for acquired stenosis of the right lower lobe
artery). Second, a relatively rigid structure, such as the
prosthetic IVC conduit, may easily impinge on a thin vessel,
such as a lobar artery. Third, the IVC connection to a zone
of bifurcation and partition of flows is characterized by a
worse hydrodynamic pattern than in the case of connection
to a main vessel. In this respect, the clinical application of
the elegant in vitro models of Sharma and associates7 and
Enseley and colleagues8 with the IVC conduit placed on the
right of the SVC results, in fact, in at least part of the
conduit falling in the area of the first pulmonary bifurcation.
We believe that it is more convenient to maintain a distance
between the conduit and the distal pulmonary branchings to
prevent potential impairment in lobar perfusion and obtain a
better hydrodynamic pattern.
When we analyzed our results, the energetic advantage
of the type 1 phantom relative to the type 2 phantom was
evident. In fact, in the latter model collision and interaction
of caval flows resulted in kinetic energy losses and viscous
dissipation that decreased fluid dynamic efficiency. Our
currently preferred pattern is therefore with the left-sided
position of the extracardiac conduit, with some degree of
offset and flaring. In this case the in vitro study showed that
the inlet caval flows appeared to be directed away from each
other, avoiding significant collision of the inlet flows with
the presence of a vortex that seemed to play a beneficial role
as a flow division structure.
As matter of fact, this apparent vortex was not a true
vortex (a place of accumulation of vorticity). More cor-
rectly, it was a circulation zone, because such a rotation
would not necessarily be associated with an accumulation of
vorticity at its center. Moreover, the left-sided position of
the conduit, in addition to offering a higher simplicity of
offsetting and flaring, is potentially less compressive on the
right pulmonary veins. A reason for concern with the left-
sided position of the conduit could be that in older children
the higher proportion of blood flow carried by the IVC is
directed to a smaller and less compliant left lung. Salim and
coworkers19 recently demonstrated that caval contributions
to the total venous return vary with age in healthy children,
from a low in the IVC of 45% at 2.2 years old to a high of
65%, the adult value, at 6.6 years old. The distribution of the
caval flow to each pulmonary artery is a function of the
amount of blood that each lung can accommodate and
theoretically depends on the amount of flow carried by each
vena cava and on the geometry of the systemic venous
pathway. Fogel and associates14 showed that in their pa-
tients with TCPC an equal amount of blood goes to both
lungs even though the right lung is larger and could handle
more blood. Tamir and colleagues20 and del Torso and
associates21 showed no evidence of predominant right lung
perfusion in patients who had undergone atriopulmonary
connection. None of these patients had a lateral tunnel that
could influence the distribution of blood flow because of
geometric orientation; instead, they had an atriopulmonary
anastomosis, which theoretically could privilege the right
lung perfusion. Therefore we can assume that curving the
conduit preferentially toward one lung does not necessarily
force a preferential or unbalanced flow split. Recent studies
have pointed out the importance of the abnormality of the
shear stress at the vessel anastomoses acting on vascular
endothelium and altering cell function and structure,22 po-
tentially modifying the release of vasoconstrictor agents,
and ultimately altering the fate or behavior of the cavopul-
monary hemodynamics. We believe that another advantage
of the left-sided position of the IVC conduit could be a
reduced shear stress at the anastomotic level.
In conclusion, the hemodynamic parameters and the bi-
ologic changes that affect the performance and the longevity
of the cavopulmonary anastomoses in growing patients are
still nebulous. On the basis of our clinical experience and
this in vitro study, we suggest that the left-sided position of
the IVC conduit with respect to the SVC is safer and permits
an easier offsetting and flaring of the anastomosis. This
arrangement avoids significant collision of the inlet flows,
with formation of an apparent vortex, a weakly dissipative
beneficial flow division structure, that ensures energy pres-
ervation.
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Appendix 1
The 2-dimensional PIV technique used in this study is based
on the cross-correlation of the intensity of two successive
particle images, taken at an appropriate temporal interval
(t) between them (suggested by the flow properties). As
shown in Appendix Figure 1, in a certain window of the
original image the cluster of particles at a given instant will
be subjected to a displacement, after t, related to the
average local velocity of the flow. The highest peak in the
correlation window of the PIV analysis, shown as a 3-di-
mensional graph in Appendix Figure 2, provides informa-
tion about the mean displacement of particles during t;
thus the mean velocity in each particular location can be
calculated by dividing this displacement by t.
A total of 100 image pairs were used to calculate the
velocity vector in each point of the flow field, yielding a
high accuracy of the velocity measurements, both spatially
and temporally. In fact, for a given ratio of the root-mean-
square velocity field u and the mean velocity U, the SD of
the relative error in the determination of the mean velocity
can be expressed as:
 
u
NU , (4)
where N represents the number of velocity measurements
used to calculate u and ¯U. From this formula it can be
calculated that the accuracy of our measurements was better
than 2%.
Appendix 2
The velocity components of a 3-dimensional flow field have
some special properties in presence of a symmetry plane. In
particular, only the two in-plane velocity components are
different from zero and are even variables with respect to
symmetry plane. The normal component is zero, but its
normal derivative is different from zero. This nonzero de-
rivative corresponds to flow entering or exiting the symme-
try plane. Because of these facts the velocity on the sym-
metry plane is not divergence free, as it would be in a
2-dimensional approximation.
The velocity can be decomposed by the sum of an
irrotational and a divergence-free component:
Appendix Figure 1. Pair of typical particle images analyzed with
PIV technique. Interval (t) between image recordings must be
chosen to minimize loss of particles in second image while
achieving appreciable displacement between images because of
local velocity.
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ux 

 x


 y , (5)
uy 

 y 

 x
; (6)
where the stream function  and the potential  satisfy the
Laplace equations as follows:
2  	, (7)
2  g. (8)
The variable 
(x,y) is the only nonzero vorticity component
on the symmetry plane, and g(x,y) is the divergence on the
same plane. An equation for the vorticity can be written by
expressing the Navier-Stokes equation in Taylor series near
the symmetry plane. An equation for the flow divergence g
can also be obtained under the hypothesis that the symmetry
plane flow is similar to the flow averaged on the fluid
column flow above and below the symmetry plane. The
system of partial differential equations is then solved by a
finite-element formulation, which is second-order accurate
in space and time. The derivation of the mathematic system
and the numeric method of solution have been previously
described elsewhere.23
Appendix Figure 2. Cross-correlation function of intensity of im-
ages shown in Appendix Figure 1. Highest peak reveals average
displacement(s) of the particles during interval (t).
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